Recruiting Polycomb to chromatin by Kruijsbergen, I. van et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/144984
 
 
 
Please be advised that this information was generated on 2019-12-04 and may be subject to
change.
The International Journal of Biochemistry & Cell Biology 67 (2015) 177–187
Contents lists available at ScienceDirect
The  International  Journal  of  Biochemistry
& Cell  Biology
jo ur nal home page: www.elsev ier .com/ locate /b ioce l
Review
Recruiting  polycomb  to  chromatin
Ila  van  Kruijsbergen,  Saartje  Hontelez,  Gert  Jan  C.  Veenstra ∗
Radboud University Nijmegen, Department of Molecular Developmental Biology, Faculty of Science, Radboud Institute for Molecular Life Sciences,
Nijmegen 6500 HB, The Netherlands
a  r  t  i  c  l  e  i  n  f  o
Article history:
Received 20 February 2015
Received in revised form 4 May  2015
Accepted 5 May 2015
Available online 14 May  2015
Keywords:
Polycomb
Epigenetics
Chromatin, Transcription regulation
Crosstalk
a  b  s  t r  a  c  t
Polycomb  group  (PcG)  proteins  are  key  regulators  in  establishing  a  transcriptional  repressive  state.  Poly-
comb  Repressive  Complex  2  (PRC2),  one  of  the two major  PcG  protein  complexes,  is  essential  for  proper
differentiation  and  maintenance  of  cellular  identity.  Multiple  factors  are  involved  in  recruiting  PRC2
to  its genomic  targets.  In this  review,  we  will  discuss  the  role of  DNA  sequence,  transcription  factors,
pre-existing  histone  modiﬁcations,  and  RNA in  guiding  PRC2  towards  speciﬁc  genomic  loci.  The  DNA
sequence  itself  inﬂuences  the  DNA  methylation  state,  which  is  an  important  determinant  of PRC2  recruit-
ment.  Other  histone  modiﬁcations  are  also  important  for PRC2  binding  as  PRC2  can  respond  to  different
cellular  states  via  crosstalk  between  histone  modiﬁcations.  Additionally,  PRC2  might  be able  to  sense
the  transcriptional  status  of  genes  by binding  to  nascent  RNA,  which  could  also  guide  the complex  to
chromatin.  In this  review,  we  will discuss  how  all these  molecular  aspects  deﬁne  a local  chromatin  state
which  controls  accurate,  cell-type-speciﬁc  epigenetic  silencing  by  PRC2.
This  article  is  part  of a Directed  Issue  entitled:  Epigenetics  dynamics  in  development  and  disease.
©  2015  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under the  CC  BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction: role of polycomb in development
The role of polycomb group (PcG) proteins as repressors
of early developmental genes was ﬁrst described in Drosophila
melanogaster. PcG proteins were shown to control segmentation
during early embryogenesis by maintaining temporal and spatial
repression of Hox genes (Lewis, 1978; Duncan, 1982). In mouse,
various knockout studies have demonstrated a similar role for PcG
proteins in the maintenance of a repressive transcriptional state
(reviewed in Aloia et al., 2013; Signolet and Hendrich, 2015). PcG
proteins can form different multi-subunit protein complexes, of
which Polycomb Repressive Complex 1 and 2 (PRC1 and PRC2)
have been characterized most extensively (see Box 1). Both PRC
complexes are histone modiﬁers. PRC2 catalyzes mono-, di-, and
trimethylation of histone H3 on lysine K27 (H3K27me1/2/3) by its
subunit Ezh2, and PRC1 catalyzes monoubiquitylation of histone
H2A on lysine 119 (H2AK119ub1) by its subunit Ring1 (Czermin
et al., 2002; Kuzmichev et al., 2002; Müller et al., 2002; De Napoles
et al., 2004; Pengelly et al., 2013).
Post-translational modiﬁcations can regulate transcription,
because they can function as a docking site or modulate the afﬁn-
ity of nuclear proteins (Musselman et al., 2012b). In this way,
PcG proteins can limit the accessibility of DNA for the transcrip-
tion machinery by compacting chromatin (reviewed in Di Croce
Box 1: Polycomb complex compositions.
PcG proteins contribute to two major protein complexes:
Polycomb repressive complex (PRC) 1 and PRC2. PRC1 has
multiple complex compositions, each with its own properties
as reviewed by (reviewed in Turner & Bracken, 2013; Di Croce &
Helin, 2013). There are two major PRC1 complexes, each con-
taining different core subunits: (i) Cbx, Phc, Ring and Pcgf, or
(ii) Rybp, Ring and Pcgf. Each of these subunits has different
paralogs (Turner and Bracken, 2013). The catalytic subunit of
PRC1 can be either Ring1a or Ring1b, which monoubiquity-
late histone H2A on lysine 119 (H2AK119) (De Napoles et al.,
2004), however, their activity depends on the complex com-
position (Turner and Bracken, 2013). The core components
of PRC2 are enhancer of zeste (Ezh2), embryonic ectoderm
development (Eed) and suppressor of zeste 12 (Suz12). These
subunits exist as monomers in the complex in a 1:1:1 stoi-
chiometry (Smits et al., 2013; Xu et al., 2015), and comprise the
minimal composition necessary for catalytic activity of Ezh2,
resulting in mono-, di-, or trimethylation of H3K27 (Cao and
Zhang, 2004; Pasini et al., 2004; Nekrasov et al., 2005). Non-core
PRC2 proteins such as RbAp48/46, PCL1/2/3, AEBP2, Jarid2,
c17orf96 and C10orf12 can be substoichiometrically present
in the complex (Smits et al., 2013) and can increase the cat-
alytic activity (e.g. RbAp46/48 and AEBP2) or the binding and
targeting of PCR2 (e.g. Jarid2 and PCL) (reviewed in Vizán
et al., 2015). Ezh2 is the only PRC2 core subunit known to
have a paralog, namely Ezh1. Expression of Ehz2 and Ezh1 is
dissimilar and are found in complexes with distinct composi-
tion and function. Ezh2 generally forms a core together with
both Eed and Suz12, whereas Ezh1 has been found alone or
in a complex together with Suz12 (Xu et al., 2015). Although
both molecules show a partial redundancy in catalytic activity
and localization, Ezh2 is generally believed to deploy di-and
tri-methylation of H3K27 on repressed genomic loci, whereas
Ezh1 is more associated with monomethylation of H3K27 on
regions with active transcription (Mousavi et al., 2012; Xu et al.,
2015). During cell differentiation, the ratio between Ezh1 and
Ezh2 containing PRC2 changes, with Ezh2 levels decreasing
and Ezh1 levels increasing upon differentiation (Margueron
et al., 2008; Mousavi et al., 2012; Xu et al., 2015). To date, most
studies on PRC2 focused on the Ezh2 containing variant and
its function in transcriptional silencing.
and Helin, 2013; Schwartz and Pirrotta, 2013). Besides altering the
accessibility of chromatin PcG proteins can as well mediate epige-
netic repression by counteracting activating histone modiﬁcations
(Fig. 1A and B). In contrast to PcG proteins, some of the Tritho-
rax Group (TrxG) proteins catalyze trimethylation of histone H3
on lysine K4 (H3K4me3) and lysine K36 (H3K36me3) at genes that
are transcriptionally active. Various studies have highlighted that
PcG proteins antagonize transcriptional activation by TrxG pro-
teins (reviewed in Steffen and Ringrose, 2014). PcG proteins also
counteract activating histone modiﬁcations at regulatory elements
across the genome. Methylation of H3K27 prevents acetylation of
this lysine (H3K27ac), a modiﬁcation which is enriched at active
enhancer regions (Ferrari et al., 2014).
These biochemical mechanisms via which PcG proteins medi-
ate transcription silencing have been extensively studied. At the
same time, how PRC complexes are directed to their genomic tar-
gets remains an important question. This review is focused on the
several aspects that affect the recruitment of PRC2 to its genomic
targets: DNA sequence, transcription factors, pre-existing histone
modiﬁcations, and RNA. First we will brieﬂy summarize recent
ﬁndings on polycomb-mediated transcriptional regulation. After
that we  will discuss in more detail the recent ﬁndings on PRC2
recruitment.
2. Sequential polycomb action: a paradigm under pressure
Trimethylated H3K27 can serve as a docking site for PRC1 com-
ponent PC (Cbx in mammals) (Cao et al., 2002). In the absence of
enzymatically active PRC2, H3K27 cannot be trimethylated and
PRC1 binding is lost (Cao et al., 2002; Wang et al., 2004; Boyer
et al., 2006). These observations gave rise to the sequential or hier-
archical model, which postulates that once PRC2 is recruited and
trimethylates H3K27, PRC1 is recruited by virtue of the afﬁnity of
its Cbx subunit for this methylated residue. However, not all recent
ﬁndings ﬁt the classical sequential model, suggesting alternative
mechanisms for the establishment of polycomb-mediated regula-
tion of transcription.
The classical model predicts co-occurrence of PRC1 and PRC2
subunits on genomic loci, however, genome-wide proﬁling studies
in embryonic stem cells (ESCs) showed that PRC1 and PRC2 pro-
teins share only a subset of binding sites (Boyer et al., 2006; Ku
et al., 2008; Blackledge et al., 2014). Early ChIP-on-chip assays in
mouse ESCs indicated that merely 25% of all PcG enriched transcrip-
tion start sites (TSS) were occupied by all four proteins that were
proﬁled: PRC1 components Phc1 and Rnf2, and PRC2 components
Eed and Suz12 (Boyer et al., 2006). More recently, ChIP-sequencing
assays on Ring1b and Ezh2 binding showed that almost 90% of the
Ring1b binding sites were also occupied by Ezh2, whereas only 50%
of the Ezh2 binding sites bound Ring1b as well (Ku et al., 2008). A
stronger, but still not perfect overlap for Ezh2 at Ring1b targets was
found by Blackledge et al. (2014). In their study, Ring1b and Ezh2
shared about 80% of their targets (Blackledge et al., 2014). These
ﬁndings show that PRC1 and PRC2 do not always bind the same
regions, contrary to what may  be expected on basis of the classical
model of PRC2 and PRC1 action.
Independent functions and recruitment mechanisms for PRC1
and PRC2 have been identiﬁed. Genomic and proteomic analysis
of PRC1 complexes identiﬁed six major groups, containing distinct
subunits and differing in genomic binding, of which only a small
subset co-localized with H3K27me3 (Gao et al., 2012). Furthermore,
it is demonstrated that PRC1 recruitment is not solely dependent
on H3K27me3, as it can still deposit H2AK119ub and repress gene
transcription in PRC2-deﬁcient mouse ESCs (Tavares et al., 2012).
Although PRC2 can still be involved in recruiting PRC1 to shared
binding sites, recent studies showed that PRC1 can also be involved
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Fig. 1. Roles of PRC2. The activity of PRC2 is different at functionally distinct genomic regions. (A) PRC2 inhibits gene activation by trimethylation of H3K27 at transcription
start  sites (TSSs), which prevents Mll  or Set1-mediated trimethylation of H3K4 at the TSS. (B) Methylation of H3K27 by PRC2 on enhancers prevents activation by antagonizing
acetylation of this substrate by p300. (C) Upon transcription, monomethylation of H3K27 by PRC2 co-occurs with H3K36me3 deposition by Setd2.
in the recruitment of PRC2 (Blackledge et al., 2014; Cooper et al.,
2014; Kalb et al., 2014). Knockdown of PRC1 not only resulted in a
loss of H2AK119ub, but also in reduced PRC2 binding (Blackledge
et al., 2014). The role of H2AK119ub in PRC2 recruitment will be
further discussed in Sections 3 and 5.2. These ﬁndings suggest that
the order of events can be bidirectional rather than unidirectional
as described in the classical model.
Another caveat in the classical model is that it only focuses on
the H3K27 trimethylation by PRC2, even though PRC2 also cat-
alyzes mono- and dimethylation of H3K27 (Ferrari et al., 2014).
In the past, genome-wide studies in murine ESCs identiﬁed PcG
proteins and H3K27me3 in the vicinity of the transcription start
site (TSS, Fig. 1A) of genes, many of which encode transcription
factors with important functions in development (Bernstein et al.,
2006; Boyer et al., 2006). More recently, Ferrari and colleagues char-
acterized the distribution of H3K27me1 and H3K27me2 in mouse
ESCs and found them to be located at functionally distinct genomic
regions. H3K27me1 is mainly enriched in the bodies of actively
transcribed genes (Fig. 1C), whereas H3K27me2 was broadly dis-
tributed throughout the genome, covering approximately 70% of
all histones. Genes and enhancers covered with H3K27me2 were
deprived of marks associated with genomic activation and associ-
ated with low expression levels (Ferrari et al., 2014).
However, H3K27me2 is not highly abundant throughout Xeno-
pus development. Mass spectrometry (MS)-based analysis showed
that H3K27me2 levels rose from 3% in blastula stage to 15% in
tadpoles (Schneider et al., 2011). Furthermore, culture conditions
might inﬂuence dimethylation levels. When ESCs are cultured in 2i
medium instead of serum, trimethylation levels of H3K27 reduce
dramatically (Marks et al., 2012). However, even if H3K27me2 is not
generally distributed throughout the whole genome PRC2 can also
counteract acetylation of H3K27 at enhancers by trimethylation
(Pinello et al., 2014; Abou El Hassan et al., 2015).
The picture that now emerges constitutes complementing bio-
chemical PRC1 and PRC2 activities, but also shows previously
unknown roles in the regulation of transcription. In the following
sections, we will discuss the molecular determinants involved in
recruiting PRC2 to its genomic targets.
3. Sequence context of PRC2 action: genetic prerogative or
epigenetic consequence?
CpG dinucleotide density and its methylation status are good
predictors of mammalian PRC2 recruitment. Analyzing the DNA
underlying PRC2-bound loci for sequence features in mammals
revealed an enriched representation of CpG dense regions (Lee et al.,
2006). CpG richness is a feature that is also found at the TSS of genes
marked by H3K4me3 (Bernstein et al., 2006). Indeed, insertion of
CpG-rich elements was  sufﬁcient for the recruitment of PRC2 and
deposition of H3K27me3, as well as H3K4me3, to exogenous loci
in mouse ESCs (Mendenhall et al., 2010). Vice versa, a compara-
tive study of mouse and human ESCs showed that loss of CpG-rich
elements resulted in loss of H3K27me3 deposition at these regions
(Lynch et al., 2012).
CpG dinucleotides can be subjected to methylation, which
prevents them from binding PRC2 (Bartke et al., 2010). Mass
spectrometry (MS)-based analysis showed that incorporation of
methylated CpG DNA in nucleosomes antagonized the binding
of PRC2 subunit Eed (Bartke et al., 2010). Indeed, mutual exclu-
sion of CpG-island (CGI) methylation and H3K27me3 deposition
was demonstrated in vertebrate genomes (Bogdanovic et al., 2011;
Lynch et al., 2012). At loci with low CpG dinucleotide density, how-
ever, DNA methylation and H3K27me3 were found to co-occur
(Brinkman et al., 2012). Not only CpG density, but also G + C rich-
ness is a property of methylation-free regions. Deposition of either
H3K4me3 or H3K27me3 is the default chromatin state at these loci,
as was shown by integration of artiﬁcial CGI-like DNA sequences
into the genome of ESCs (Wachter et al., 2014). CpG-richness at pro-
moters is particularly prevalent in mammals. In non-mammalian
vertebrates, relatively few CpG dinucleotides overlap with gene
promoters. Even so, promoters in non-mammalian vertebrates
contain non-methylated clusters of CpGs, called non-methylated
islands (NMI), which are highly conserved across species (Long
et al., 2013b). In Xenopus embryos, trimethylation of either H3K27
or H3K4 is closely associated with the presence of NMIs (van
Heeringen et al., 2014). During gastrulation, H3K27 trimethylation
is acquired in pre-existing hypomethylated regions in Xenopus.
These studies show conserved PRC2 recruitment to hypomethy-
lated regions in vertebrates.
DNA binding proteins that direct PRC2 towards NMIs might
operate via PRC1 (Farcas et al., 2012). Unmethylated CxxC domains
can be recognized by Zinc ﬁnger (ZF)-CxxC domain proteins, such
as KDM2B (Long et al., 2013a). Afﬁnity puriﬁcation of KDM2B from
ESCs followed by MS  revealed that it forms a complex with the
PCR1 subunit Ring1b. Recruitment of KDM2B to promoters leads to
H2AK119ub deposition, followed by PRC2 binding and H3K27me3-
mediated silencing (Farcas et al., 2012). Removal of the ZF-CxxC
domain of KDM2B resulted in loss of Ring1b binding at roughly
half of the Ring1b binding sites in mouse ESCs. In addition, KDM2B
binding sites showed reduced levels of ubiquitinated H2AK119
and Suz12 recruitment in KDM2B deﬁcient cells. Targeted KDM2B
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binding induced local enrichment of Ring1b, H2AK119ub, Ezh2
and H3K27me3, independent of its demethylase activity. Hence,
KDM2B mediates PCR1 recruitment to NMIs and is required for
PRC2-catalyzed trimethylation of H3K27 at these loci (Blackledge
et al., 2014). PRC1-independent recruitment of PRC2 to unmethy-
lated DNA might also occur via PRC2-accessory proteins with DNA
binding capacity, such as Jarid2. Jarid2 was shown to co-occur with
PRC2 genome-wide, and motif analysis in ESCs showed that Jarid2-
PRC2-bound loci were enriched for both CCG-repeats and GA-rich
regions (Peng et al., 2009).
Computational analyses to identify sequences that recruit PRC2
suggest a central role for NMIs (Fig. 2). A Support Vector Machine
trained on a subset of sequences underlying H3K27me3 domains,
accurately predicted H3K27me3 status of unknown sequences in a
cross-species analysis in frog, zebraﬁsh and human, CpG-density
differences between mammals and other vertebrates notwith-
standing (Van Heeringen et al., 2014). This pan-vertebrate sequence
conservation within NMIs suggests that additional genetic factors
determine when and where NMIs become marked by H3K27me3 or
by H3K4me3. The following section will further discuss the role of
speciﬁc sequence properties and transcription factor (TF) binding
sites in PRC2 recruitment.
4. Interplay of transcription factor binding and PRC2
recruitment
4.1. PcG response elements in Drosophila
The ﬁrst evidence for motif-speciﬁc PRC2 recruitment was
found in Drosophila.  Within the Bithorax complex, a cluster of
three homeotic genes which are important in segmental develop-
ment, speciﬁc DNA regulatory elements to which PcG proteins are
recruited were identiﬁed (Simon et al., 1993). Insertion of these
PcG response elements (PREs) in a reporter plasmid resulted in
repression of transcription in a PcG-dependent manner (Simon
et al., 1993). The ﬁrst sequence-speciﬁc DNA-binding protein that
was shown to mediate PcG recruitment to PREs was  Pleiohomeotic
(Pho). Pho was shown to bind a 17 bp sequence located within a
176 bp fragment located upstream of the engrailed locus, which
was previously linked to PcG mediated silencing in transgenic ﬂies.
This 17 bp PRE was highly conserved and essential, but not sufﬁ-
cient for the PcG-mediated silencing (Brown et al., 1998). Following
this discovery, multiple more PREs were found in Drosophila and
these PREs contained binding motifs for various TFs (like Gaga, Pho,
and Zeste binding motifs) (reviewed in Kassis and Brown, 2013).
Locations of PREs throughout the genome were computationally
predicted based on diverse TF binding motifs that were enriched
in experimentally conﬁrmed PREs (Ringrose et al., 2003). How-
ever, two independent genome-wide assays proved that PRC2
and PRC1 bind to some, but not the majority of these pre-
dicted PREs in Drosophila (Schwartz et al., 2006; Tolhuis et al.,
2006). Genome-wide studies that characterized the binding sites
of various sequence-speciﬁc DNA-binding proteins have shown co-
occupancy of multiple TFs, suggesting a cooperative recruitment of
PcG components in Drosophila.  However, many of the putative PcG
recruiters (TFs like Pho and Gaga) were not solely enriched at PcG
binding sites, but also at the H3K4me3-associated TrxG binding
sites (Schuettengruber et al., 2009). These results imply that differ-
ent factors work together to recruit PcG proteins or that these TFs
have another function besides PcG repression.
Recently, a study on the function and evolution of PREs shed
new light on the functionality, speciﬁcity, and cooperativity of PcG
recruiters (Schuettengruber et al., 2014). Comparing H3K27 meth-
ylation, PH (PRC1) binding, and DNA sequence in ﬁve different
Drosophila species showed that, despite variations in the underlying
sequence, PcG domains were highly conserved in syntenic regions.
Unexpectedly, not the DNA sequence, but the TF binding itself was
highly conserved, with both Pho and Dorsal Switch Protein (Dsp1)
binding to low speciﬁcity sites at the PcG domains. Cooperative
binding sites for Pho and Dsp1 showed the highest overlap with
PcG domains, and prediction of Pho binding was more accurate as a
function of PH binding and Pho motifs, compared to TF motifs alone.
This suggests a bidirectional interaction between PcG proteins and
other proteins, stabilizing the PcG domains (Schuettengruber et al.,
2014).
4.2. PcG and transcription factor motifs in vertebrates
PRE-like mechanisms of PRC2 recruitment have been elusive
in vertebrates as no clear ortholog to any of the Drosophila PRC2-
recruiting factors has been found. However, a variety of TFs
inﬂuence PRC2 recruitment in vertebrates. The ﬁrst H3K27me3
and PcG proﬁling studies in ESCs already suggested a possible rela-
tion between PcG proteins and TFs, based on the co-localization of
PcG components with pluripotency factors Oct4, Sox2 and Nanog
(Bernstein et al., 2006; Boyer et al., 2006; Lee et al., 2006). More
recent studies suggest that the correlation between DNA sequence
and histone modiﬁcations might be the result of TF-mediated
recruitment of histone modiﬁers (Fig. 2) (Benveniste et al., 2014).
Analyses of TF binding from genome-wide proﬁling studies in H1
cells, K562 cells and GM12878 cells demonstrated that TF binding
more accurately predicted the presence of H3K4me1, H3K4me3,
H3K9ac, H3K27ac or H3K27me3 at promoters and enhancers, com-
pared to the DNA sequence itself. This indicates that TFs might form
a link between speciﬁc DNA sequences and the histone modiﬁers
(Benveniste et al., 2014).
Conversely, deletion of motifs for transcription activators from
NMIs was found to be sufﬁcient for PRC2 recruitment and
H3K27me3 deposition in ESCs (Mendenhall et al., 2010). Mini-
mal  DNA sequence elements capable of autonomously recruiting
PRC2 were recently deﬁned by using iterative genome editing
in mouse ESCs. This demonstrated the inﬂuence of surrounding
sequences on PRC2 recruitment, as an active enhancer-promoter
sequence surrounding CG-rich sequences was shown to pre-
vent PRC2 recruitment and trimethylation of H3K27 at these loci
(Jermann et al., 2014). Jermann et al. (2014) proposed that CGIs bind
PRC2 by default, provided that they are devoid of DNA methylation
and are not transcriptionally active. Inhibition of RNA polymerase
II was indeed sufﬁcient to obtain Suz12 binding and trimethyla-
tion of H3K27me3 in mouse ESCs (Riising et al., 2014). Sites with
increased H3K27me3 upon transcriptional inhibition were found
to be ectopic CpG targets in other, differentiated tissues. A genetic-
default model for PRC2 action was also suggested by Van Heeringen
and colleagues, based on the observation that the pan-vertebrate
conserved DNA sequence signatures of H3K27me3 are linked to a
propensity for H3K27me3 across different cell types. This suggests
that methylation of H3K27 is default at these regions and is actively
prevented by cell type-speciﬁc factors (Van Heeringen et al., 2014).
Besides the absence of particular transcription activators, PRC2
recruitment correlates also with the presence of speciﬁc TF motifs.
Distinctive motif contributions were identiﬁed when comparing
Ezh2-positive and -negative NMIs in ESCs. Ezh2-negative NMIs
were marked by H3K4me3 and showed strong enrichment for
motifs of transcriptional activators like NFY, Myc  and Ets1. In con-
trast, Ezh2-positive NMIs were mostly H3K27me3 enriched and
were associated with motifs for TFs that are known to be expressed
in ESCs: NESF/REST, Cux1 and NFB (Ku et al., 2008). In Xeno-
pus, NMIs that gain H3K4me3 are enriched for motifs that bind
housekeeping TFs. NMIs that gain H3K27me3, on the other hand,
generally contain motifs for developmental regulators, like Sox and
homeobox TFs (Van Heeringen et al., 2014). Binding sites that were
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Fig. 2. Sequence context of PRC2 action. Non-methylated islands (NMIs) are susceptible for gene activation by TrxG proteins (e.g., Mll, Set1) or repression by PcG proteins.
(I)  Mll  catalyzes H3K4me3 in the presence of transcription factors (TF) that facilitate binding of Mll, creating a permissive state for transcription. PRC2 might recognize these
actively transcribed regions by binding nascent RNA, but is antagonized by Mll. (II) In the absence of transcription activating factors, PRC2 can bind at NMIs via positioning
by  TFs or their cofactors (CoFac). Zinc ﬁnger-CxxC domain proteins (KDM) that bind PRC1, can also stimulate PRC2 recruitment by providing a docking site, H2AK119ub.
predicted to recruit PcG components in motif analyses, such as for
Rest and Runx1, induced ectopic H3K27 methylation. Furthermore,
their respective TFs were shown to physically interact with PcG
proteins (Dietrich et al., 2012; Yu et al., 2012; Arnold et al., 2013).
For example, regions that obtained H3K27me3 during neurogene-
sis were enriched for a speciﬁc set of motifs, among which binding
sites for Rest and Snail. Insertion of Rest and Snail motifs was suf-
ﬁcient to ectopically induce H3K27 methylation in mouse ESCs
(Arnold et al., 2013). More recently, a study in Xenopus showed that
Snail2 cooperates with PRC2 via Ezh2 binding, which is important
in modulating the expression of neural crest genes. Co-occupancy
of Snail2 and Ezh2 was shown to be important for maintenance of
H3K27me3 levels and expansion of the neural crest domain (Tien
et al., 2015).
However, TFs can also be involved in both transcriptional activa-
tion or repression depending on the environmental context, which
comprises CpG density and available co-factors (Arnold et al., 2013;
Pinello et al., 2014). For example, Rest binding during neurogen-
esis was shown to increase trimethylation of H3K27 at CpG-rich
loci, but to decrease trimethylation of H3K27 at CpG poor loci
upon differentiation (Arnold et al., 2013). Environmental effects
could also be a result of differential co-factor binding, which has
been suggested to contribute to cell type-speciﬁc PcG recruitment
(Fig. 2). A recent analysis of H3K27me3 proﬁles in 19 different cell
lines identiﬁed regions with variable H3K27me3 deposition across
cell-lines, the so-called high plasticity regions (HPRs). HPRs were
found at both CGIs surrounding TSSs as well as distal elements.
Motif analysis yielded 41 cell-type-speciﬁc associations between
TF motifs and distal HPRs. Genome-wide binding proﬁles showed
that binding of these TFs was indeed enriched at HPRs. Tal1 bind-
ing correlated with HPRs in primary human erythroid progenitor
cells, however, its capacity to recruit PRC2 was found to be deter-
mined by co-factor binding, rather than Tal1 binding itself. Inactive,
H3K27me3 marked enhancers were generally occupied by Tal1-
GFI1B, whereas Tal1-Gata1 was found at active, H3K27ac marked
enhancers (Pinello et al., 2014).
These studies highlight the complex relationships between the
binding of sequence-speciﬁc activators and repressors and the
recruitment of PRC2 but fall short of establishing that PRE-like
mechanisms of PRC2 recruitment also exist in vertebrates. TFs and
cofactors can be used to separate NMIs targeted for transcription
activation or repression. In addition to DNA binding factors, pre-
existing histone modiﬁcations and chromatin structure are also
important factors in proper PRC2 targeting, as is discussed in the
next section.
5. Responsive PRC2 binding: management by modiﬁed
histones
5.1. Nucleosome density
Chromatin structure can direct PRC2 binding in two ways,
namely by nucleosome density and by crosstalk with histone mod-
iﬁcations (Fig. 3). Binding sites for PcG and TrxG proteins have a
relatively high histone replacement rate and a low nucleosome
occupancy, as was  shown at the homeotic gene clusters in ﬂy
(Mito et al., 2007). Contradictionarily, PRC2 binding and activity
was increased when comparing dinucleosomes with mononucle-
osomes (Martin et al., 2006). Despite the relatively high histone
replacement rate for PcG proteins in ﬂy, nucleosome turnover rate
is higher in regions occupied by TrxG proteins compared to regions
bound by PcG proteins (Deal et al., 2010).
Despite the diminished nucleosome density at CGIs prior to
PRC2 recruitment, nucleosome compaction seems to increase at
these loci just before PRC2 binding (Yuan et al., 2012). Yuan and
colleagues tested whether the density of the substrate chromatin
could regulate PRC2. They found that preventing transcription acti-
vation for the gene AYP26a1 in mouse ESCs by withdrawal of
retinoic acid resulted in increased nucleosome density prior to
H3K27me3 deposition (Yuan et al., 2012). CGIs that became PRC2
targets upon transcription inhibition in mouse ESCs also showed
lower nucleosome density prior to PRC2 binding, compared to CGIs
that did not recruit PRC2 (Riising et al., 2014). Recently, Tee et al.
(2014) described how altering the chromatin accessibility upon
Erk1/2 binding can stimulate PRC2 recruitment in ESCs. These stud-
ies indicate that PcG targets have a relatively low nucleosome
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Fig. 3. PRC2 guidance by modiﬁed histones. (A) Multiple posttranslational modiﬁcations stimulate the recruitment of PRC2. PRC2 can bind to H3K27me3 and H2AK119ub.
Binding to these marks or to trimethylated Jarid2-K119 stimulates its activity. On heterochromatic regions, PRC2 binding to H3K27me3 and HP1 binding to H3K9me3
cooperate to facilitate formation and maintenance of heterochromatic state. (B) Histone modiﬁcations that inactivate PRC2 are H3K27ac, H3K4me3 and H3K36me3. These
modiﬁcations inactivate PRC2 when they are located on the same histone tail as where the complex is located. H1K26me3 inactivates PRC2 after binding the complex. When
H3S28  ph is positioned next to H3K27me3, Ezh2 is repelled and exchanged for Ezh1.
density, which already becomes denser just before binding of the
complex.
5.2. Stimulating PRC2 binding
Pre-existing histone modiﬁcations such as H3K27me3,
H2AK119ub and H3K9me3 can facilitate PRC2 recruitment
(Fig. 3A). These epigenetic marks are partially transmitted during
cell proliferation and reconstituted by means of positive feedback.
For example, PRC2 was shown to bind to its own catalytic prod-
uct, H3K27me3, by the aromatic cage of Eed (Margueron et al.,
2009; Xu et al., 2010). Eed was shown to recognize trimethylated
histone peptides, with a particularly high afﬁnity for H3K27me3,
H1K26me3, and H3K9me3 (Xu et al., 2010). Furthermore, Eed
binding to H3K27me3 results in allosteric activation of the com-
plex and propagation of the mark, as was shown in vitro and in
Drosophila (Margueron et al., 2009; Xu et al., 2010). In the absence
of pre-existing H3K27me3, methylated Jarid2 was  suggested to
facilitate PRC2 recruitment. Interestingly, methylation of Jarid2
at lysine K116 is mediated by PRC2 itself. Jarid2-K116me3 is
recognized by Eed, which in turn triggers an allosteric acti-
vation of PRC2’s enzymatic activity. Jarid2-K116me3, but not
unmethylated Jarid2, was found to have a higher afﬁnity for Eed
compared to H3K27me3. Knockdown of Jarid2, or introduction of
a methylation-deﬁcient Jarid2 had no consequences for ESCs, but
caused disturbed H3K27me3 patterns in differentiated embryoid
bodies. This suggests that pre-existing H3K27me3 accounts for
the maintenance of H3K27me3 during cell division, whereas the
nucleation of new domains during cell differentiation is dependent
on Jarid2-K116me3 (Sanulli et al., 2015).
H3K27me3 can also serve as a docking site for PRC1 compo-
nent Cbx (Cao et al., 2002; Wang et al., 2004; Boyer et al., 2006).
The Ring1 subunit of PRC1 can catalyze H2AK119 ubiquitylation
(De Napoles et al., 2004), which in turn can serve as a dock-
ing site for PRC2 (Blackledge et al., 2014; Cooper et al., 2014;
Kalb et al., 2014). PRC2 components were strongly enriched in
afﬁnity pull downs with either H2AK118ub or H2AK119ub using
Drosophila or mouse ESC nuclear extracts, respectively. These stud-
ies demonstrate that ubiquitinated H2A serves as a binding site
for Jarid2–Aebp2-containing PRC2 and promotes H3K27 trimethy-
lation (Kalb et al., 2014). Binding of a MBD-Ring1b/Pcgf4 fusion
protein to densely CpG methylated DNA resulted in H2AK119ub
deposition in mouse. This was sufﬁcient to establish H3K27me3 at
paternal pericentric heterochromatin (PCH) domains (Cooper et al.,
2014). In a separate study, Tet-repressor fusion proteins were used
to recruit PRC1 to a Tet-operator site that was introduced in the
mouse genome. The Tet-repressor was fused to Pcgf 1, 2, 3, 4, or
5, which are known to be present in different PRC1 complexes.
Although Ring1b was recruited with every Pcgf fusion variant, pro-
found ubiquitylation of H2AK119 only occurred in the presence
of Pcgf1, 3, and 5. Fusion proteins that could mediate H2AK119ub
enrichment, also recruited catalytically active PRC2 to the site
(Blackledge et al., 2014). These studies suggest that PRC2 and PRC1
positively inﬂuence each other’s recruitment.
Methylated H3K9 is also associated with recruitment of PRC2.
Proteome analysis in mouse ESCs uncovered that H3K9me3 and
H3K27me3 are rarely found on the same peptide, but do co-occur
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in an asymmetric composition on different histone H3 tails (Voigt
et al., 2012; Sidoli et al., 2014). Eed has strong afﬁnity for H3K9me3,
however, in vitro methylation assays showed that the binding of
PRC2 to H3K9me3 substrates does not change the methyltrans-
ferase activity of Ezh2 (Xu et al., 2010). In HeLa and mouse ES
cells, PRC2 and H3K9 methyltransferase G9a/GLP were shown to
have a physical interaction, and genome-wide proﬁling of G9a/GLP
binding revealed 25% overlap with PRC2 loci. H3K27me3 methyla-
tion at these shared binding sites was decreased in G9a and/or GLP
deﬁcient cells, independent of the derepression of these targets.
Binding of G9a, but not of a G9a catalytically dead mutant, to an arti-
ﬁcial docking site resulted in Ezh2 recruitment and trimethylation
of H3K27. In addition, disturbed Ezh2 binding in G9a mutants ESCs
could be rescued by wild type G9a, but not by a G9a catalytically
inactive protein (Mozzetta et al., 2014).
Another way by which methylation of H3K9 recruits PRC2 is
via the structural adaptor protein HP1 (Boros et al., 2014). In a pull-
down experiment with H3 tail peptides methylated at H3K9 and/or
H3K27, H3K27me3 was found to increase H3K9me3-dependent
HP1 binding. Knockdown of Ezh2 in human ﬁbrosarcoma cells
caused proteasomal degradation of HP1, and overexpression of
H3K27me2/3 demethylase resulted in removal of HP1 from chro-
matin, both independent of changes for H3K9me3. Hence PRC2 and
H3K27me3 cooperate with H3K9me3 to facilitate heterochromatin
formation and maintenance, by stabilizing HP1 binding (Boros et al.,
2014).
5.3. PRC2 blockers
Histone modiﬁcations associated with transcription activation,
such as H1K26me3, H3K27ac, H3S28ph, H3K36me3, and H3K4me3,
are thought to inhibit PRC2 recruitment (Fig. 3B). PRC2 can be
diverted from its target sites, via docking of the complex to
H1K26me3 substrates. H1K26me3 competes with H3K27me3 and
H3K9me3 for binding in the aromatic cage of Eed. Docking to
trimethylated H1K26, however, decreases the enzymatic activity
of PRC2 (Xu et al., 2010).
Acetylation of H3K27 and methylation of the same residue
are mutually exclusive but the two modiﬁcations could occur at
separate histone H3 tails within the same nucleosome. However,
H3K27me2/3 containing nucleosomes that also contain H3K27ac
could hardly be detected by MS  on mononucleosomes from mouse
ESCs, mouse embryonic ﬁbroblasts, and HeLa cells (Voigt et al.,
2012). Genome-wide proﬁling in Drosophila embryos and mouse
ESCs revealed that acetylation and methylation of H3K27 are
inversely related; H3K27me3 was found to increase at loci where
H3K27ac was decreased and vice versa (Tie et al., 2009; Pasini et al.,
2010). It was shown in mouse ESCs that NuRD-dependent deacety-
lation of H3K27 indeed led to recruitment of catalytically active
PRC2 (Reynolds et al., 2011). In Drosophila embryos, several his-
tone modifying enzymes are in proximity to nascent DNA already
5 min  after replication, including the ortholog of Ezh2 (E(z)), the
H3K27 acetyltransferase CPB, and H3K27 demethylase UTX. Acety-
lation of H3K27 was achieved within 10 min  after replication. In
contrast, H3K27me3 could not be detected until 1 h after replication
(Petruk et al., 2013). The balance between acetylation and methyl-
ation of H3K27 changed upon treatment with inhibitors for CPB
or UTX, showing trimethylation of H3K27 15 minutes after replica-
tion, together with a decreased acetylation of H3K27. This suggests
that acetylation and demethylation of H3K27 are important to pre-
vent aberrant deposition and accumulation of H3K27me3 (Petruk
et al., 2013).
Acetylation of H3K27 might be facilitated by phosphorylation of
the ﬂanking serine residue S28. Targeting the H3S28 phosphatase
Msk1 to the endogenous promoter of -globulin in HEK293 cells
resulted in transcription activation of the gene. At the -globulin
promoter both H3S28Ph and H3K27ac levels were increased and
present on the same histone tail, while H3K27me3 levels were
decreased (Lau and Cheung, 2011). In HeLa cells, stress activation
led to increased phosphorylation of H3S28 on histone tails that
were also trimethylated on H3K27, resulting in decreased bind-
ing of Cbx8 and Suz12 (Gehani et al., 2010). A separate study
on PRC2 binding at the myogenin promoter during skeletal mus-
cle cell differentiation showed that increased Msk1 and H3S28ph
binding during transcriptional activation resulted in displacement
of Ezh2, but not Ezh1, at the promoter (see Box 1) (Stojic et al.,
2011). Similar results were obtained in afﬁnity-puriﬁcation exper-
iments from extracts of differentiated myotubes using histone H3
tail peptides that were unmodiﬁed, or modiﬁed with K27me3
or K27me3/S28ph. Ezh1 bound with comparable afﬁnity to both
K27me3 and K27me3/S28ph-modiﬁed peptides, whereas Ezh2
binding was signiﬁcantly weakened in the presence of S28ph (Stojic
et al., 2011).
In the ﬂy, trimethylated H3K4 and H3K36, catalyzed by Trx
and Ash respectively (Mll and Setd2 in mammals), antagonize
PcG-mediated silencing. Afﬁnity assays showed that the binding
of Su(z)12 in complex with Nurf55 (Suz12 and Rbbp4/RbAp48,
Rbbp7/RbAp46 in mammals) to H3 peptides could signiﬁcantly
be reduced if the H3 peptides were methylated on lysine K4. In
absence of Nurf55, H3-Su(z)12 binding was not affected, how-
ever, H3K4me3 and H3K36me3 did inhibit the catalytic activity of
PRC2. Inhibition of di- and trimethylation by PRC2 was  observed
on H3 tails also trimethylated on K4 or K36, but not when these
modiﬁcations were present on separate peptides (Schmitges et al.,
2011). Though, in vivo trimethylation of H3K4 and H3K36 is rarely
detected on H3 tails that are also tri-methylated for H3K27 (Sidoli
et al., 2014; Yuan et al., 2011).
However, co-occurrence of H3K27me3 and H3K4me3 on dif-
ferent H3 tails in the same nucleosome has been reported (Voigt
et al., 2012). MS  on H3K4me3- containing mononucleosomes
showed the presence of H3K27me3 and H3K4me3 within the same
nucleosome, which was  higher in mouse ESCs (approximately
15% of H3K4me3-containing nucleosomes) compared to mouse
embryonic ﬁbroblasts (Voigt et al., 2012). In Drosophila and Xeno-
pus, signiﬁcant co-occurrence of H3K27me3 and H3K4me3 within
the same nucleosomal DNA population could not be detected
(Akkers et al., 2009; Schuettengruber et al., 2009; Gan et al.,
2010). In addition, when ESCs were cultured in 2i medium instead
of serum, trimethylation levels of H3K27, and consequently the
H3K27me3/K4me3 bivalent state, reduced dramatically (Marks
et al., 2012). However, various studies showed that PRC2 can be
recruited to actively transcribed genes via Polycomb-like (PCL) pro-
teins which can bind to H3K36me3 (Ballaré et al., 2012; Musselman
et al., 2012a; Cai et al., 2013). PCL protein Phf19 not only interacts
with PRC2 but also interacts with H3K36me3 demethylase NO66;
therefore, PCL proteins might recruit PRC2 to set up repression
(Brien et al., 2012).
6. RNA-regulated recruitment
Despite the repressive effect of H3K36me3 and H3K4me3 on
PcG-mediated silencing, PRC2 recruitment has also been pos-
itively associated with active transcription. Highly expressed
genes showed monomethylated H3K27, which was dependent on
H3K36me3, whereas lowly expressed genes accumulated dimethy-
lation at H3K27 throughout the gene bodies (Ferrari et al., 2014).
Knockdown of H3K36 methyltransferase Setd2 resulted in a loss
of both H3K36me3 and H3K27me1, in addition to accumulation of
H3K27me2 at these intergenic regions. Loss of PCR2 reduced accu-
mulation of both H3K27me1 and H3K27me2, but not of H3K36me3.
Furthermore, Eed deletion led to transcriptional upregulation of
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H3K27me2-marked genes and downregulation of H3K27me1-
marked genes. MS  data on H3K36me3 puriﬁed histones conﬁrmed
the presence of both K27me1 and K36me3 on the same H3 peptide
(Ferrari et al., 2014). These results indicate that the methylation
state of H3K36 regulates PRC2 action and subsequently determines
methylation of H3K27.
These results suggest a role for PRC2 in actively transcribed
genes, even though the presence of stable PRC2-binding could
not be detected at these regions. One way by which PRC2 could
be recruited to active genes is through interaction with RNA
molecules. Multiple studies have reported binding of speciﬁc RNAs
to PRC2, including non-coding (nc, lnc) RNAs such as Xist repA
ncRNA in X-chromosome silencing (Zhao et al., 2008; Da Rocha
et al., 2014), and HOTAIR ncRNA in silencing of hox genes in human
(Rinn et al., 2007; Tsai et al., 2010). In addition, lncRNAs were
recently shown to function as scaffolds, stabilizing the binding
between various PRC2 subunits such as Ezh2 and Jarid2 (Kaneko
et al., 2014a).
In addition to sequence-speciﬁc RNA-binding, PRC2 was  also
reported to bind RNA molecules in a nonselective manner.
RNA immunoprecipitation in ESCs showed PRC2 to associate
with thousands of different RNA molecules (Zhao et al., 2010;
Kaneko et al., 2013). Quantitative electrophoretic mobility shift
assays (EMSA) of reconstituted human PRC2 with various RNA
molecules revealed that PCR2 binding is size-dependent rather
than sequence-dependent, with lower afﬁnity for shorter RNA
molecules (Davidovich et al., 2013). The majority of the PRC2-
bound RNA sequences corresponded to the 5′-regions of genes
that were transcriptionally active. ChIP-sequencing data from var-
ious mouse cell lines revealed that the genes belonging to these
PRC2 bound-RNAs were positively associated with Ezh2 recruit-
ment and trimethylation of H3K4 and H3K36, but were depleted
of H3K27me3 (Davidovich et al., 2013; Kaneko et al., 2013). Inter-
estingly, H3K27me3 on Ezh2-RNA genes was more pronounced
in differentiated mouse embryonic ﬁbroblasts, as compared to
pluripotent ESCs (Kaneko et al., 2013). RNA binding was shown to
suppress the histone methyltransferase activity of Ezh2, although
the RNA binding afﬁnity of Ezh2 was reduced when bound to other
PRC2 subunits (Cifuentes-Rojas et al., 2014). Di- and trimethylation
of H3K27 on Ezh2-RNA genes could be induced by CRISPR-mediated
truncation of the 5′-end these genes (Kaneko et al., 2014b).
Together, these studies support a model in which PCR2 uses RNA
binding to scan the genome, sensing the transcriptional activity
of genes and deploying or redistributing the complex accordingly
(Fig. 2B).
7. Conclusion and perspective
A growing body of evidence indicates that RNA transcripts, pre-
existing histone modiﬁcations and transcription factors together
deﬁne a local chromatin state which controls accurate, cell-type-
speciﬁc epigenetic silencing by PRC2. Genetic sequence sets the fate
for potential PRC2 targets, but the timing of stable PRC2-binding at
these loci is inﬂuenced by TFs. Forming complexes with the dif-
ferent Ezh paralogs can result in different outcomes with respect
to PRC2’s function in transcription regulation. This suggests that
lineage-speciﬁc TFs are involved in determining the transcriptional
output of potential PRC2 targets by modulating both the complex
composition and the recruitment of the complex. Exactly which
TFs are involved in regulating the expression of PcG target genes
and in guiding of PcG proteins towards their targets remains one
of the key questions to be addressed. Further studies are needed to
uncover how TFs and their co-factors inﬂuence PRC2 regulation.
PRC2 also senses pre-existing histone modiﬁcations and binds
to nascent RNA molecules, so that the complex can respond
appropriately to different cellular states. The exact order of molec-
ular events that specify these cellular states and their interplay
remain to be elucidated. Resolving these molecular mechanisms
will be both important and rewarding, as PcG-mediated transcrip-
tional repression is essential for maintenance of cellular identity.
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